Abstract. Salinization is a well-known problem in agricultural areas worldwide. For the last 20-30 years, rising salinity in the upper, unconfined aquifer has been observed in the Freepsumer Meer, a deep grassland area near the German North Sea coast. In order to investigate long-term development of soil salinity and water balance, the one-dimensional SWAP model was set up and calibrated for a soil column in the area, simulating water and salt balance at discrete depths for 1961-2099. The model setup involved a deep aquifer as the only source of salt through upward seepage since other sources were negligible.
Meer, employing the one-dimensional SWAP model (van Dam, 2000) for a site within the area. This region is a low-lying marshland and subject to salinization despite a clayey soil and a peaty aquitard. SWAP allows for a specific parametrization of most processes which are relevant for water and solute transport in the soil column and is currently widely used in studies concerning, e. g., evapotranspiration (e. g. Bartholomeus et al., 2015; Minacapilli et al., 2009) , surface water management (e. g.
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Schipper et al., 2015), plant growth (e. g. Bonfante et al., 2017) , and salinization (e. g. Kumar et al., 2015) . In our study, we particularly used the water balance and salinity output of the model for a quantitative analysis of projected salinity dynamics.
We focused on salt input from deep aquifers and long-term changes at the upper boundary through climate change.
METHODOLOGY

Study area
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The Freepsumer Meer is a former lake in the Krummhörn municipality, north of Emden in northwestern Germany, about 8 km off the coast of the North Sea (Fig. 1a) . It contains the lowest measured point of the region, which is 2.3 m below sea level.
Today it is used mainly as grassland. The area consists of small lots divided by numerous drain ditches. No point of the surface has a greater distance than about 100 m to the next ditch. Thus the soil water balance is largely influenced by the surface drainage levels, which in turn are kept almost constant by the nearby pumping station (Fig. 1b) . No subsurface drainage occurs Processes that affect the water balance and are included in SWAP are: water movement between soil particles (infiltration, percolation, and capillary rise), evapotranspiration, rainfall interception, surface runoff, bottom flux, plant uptake, drainage, and macropore exchange. Soil hydraulic characteristics are described with the Mualem-van Genuchten equation (Mualem, 1976; van Genuchten, 1980) , which relates the hydraulic conductivity k (in units of cm d −1
) of a soil layer to its water retention 5 curve. The vertical salt transport equation combines the processes of diffusion, dispersion, advection, and salt uptake by plant roots:
where c is the solute concentration (mg cm ), L dis the vertical dispersion 10 length (cm), and S root the salt uptake rate of plant roots (mg cm
).
We simulated daily water contents, pressure heads, and salt concentrations at discrete depths of one-dimensional soil columns as well as water balance components including evapotranspiration and bottom fluxes.
Input data and model parameters
The geometry of the model domain was defined by the vertical extent of the soil columns, the horizontal distances to drain 15 ditches, and their shape. Measurements of soil physical properties were available for depths up to −80 cm relative to the surface. Since the groundwater level dropped below −80 cm in some model runs, we needed to specify a model column with additional 20 cm of depth for which we assumed the physical properties to be equal to those at −80 cm. The distances and shapes of the ditches were recorded during field measurements for this study.
For driving the model at the upper boundary, we obtained daily data on temperature, wind, rainfall, and relative humidity 20 for the Emden weather station (location in Fig. 1a ) from the DWD (Deutscher Wetterdienst). Daily global radiation data was provided by meteo-dynamics.de. We used daily measurements of pressure heads in the confined aquifer from a nearby well (Fig. 1a) as the bottom boundary condition for upward groundwater seepage. Any additional salt import through storm surges and sea spray was ignored in the boundary conditions.
The water board I. Entwässerungsverband Emden provided data of the managed mean surface water level. Since the area is 25 used as grassland, we specified the crop schedule as a fixed cycle of one year length with constant plant parameters.
Soil and plant parameter values were either taken from the literature -including those suggested in the SWAP manual (Kroes et al., 2008) -, modeled by pedotransfer functions (PTFs), or directly or indirectly measured. Data of geodetic height, grain size distribution, soil organic matter, soil layer thickness, and bulk density were available from measurements for previous studies (Witte and Giani, 2016) . Since SWAP was originally set up and tested in the Netherlands (Kroes et al., 2000) with similar 30 environmental conditions to our study area, we adopted default parameter values where we had no additional information.
We derived the saturated water content Θ s (cm
, Table 1 ) from on-site measurements (Table A2) following Waller and Harrison (1986) and Rühlmann et al. (2005) . Recorded grain size distribution, organic carbon content, and bulk density (Table A2) were used to estimate the other Mualem-van Genuchten parameters λ (no unit), α (cm ) with three PTFs. Where Θ r was 0 according to the PTF, we used a value of 0.1, which is the minimum of the observed water content in the region. We compared PTFs by Rawls and Brakensiek (1985) , Wösten et al. (1999), and Weynants et al. (2009) Plant parameters for grassland were mainly adopted from example input files provided by the model developers. We sampled rooting depths in field measurements and chose the mean as the model parameter. Maximum rooting depths were derived from the soil profiles, assuming that anoxic conditions in the lower horizons restrict root growth (Taylor and Ashcroft, 1972) .
We calculated evapotranspiration rates (ET ) from potential rates following Penman and Monteith (Monteith, 1965) , which 15 were split into plant transpiration and soil evaporation by leaf area index (2.5, default). Actual rates were obtained by stress functions for transpiration and by maximum soil water flux and the Boesten-Stroosnijder reduction (Boesten and Stroosnijder, 1986 ) for soil evaporation, using default parameters (Kroes et al., 2008) . (Table 1 ). The resistance of the aquitard was estimated in the model calibration.
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Following Eq. 1, the relevant parameters for salt transport are the dispersion length L dis , the constant groundwater salinity beneath the soil column, the diffusion coefficient, and the root uptake rate. Since diffusion and root uptake are neglectable under the given circumstances (Kroes et al., 2008) , they were set to zero a priori.
For the examined site, observations of groundwater level (cm below surface) and electric conductivity EC (mS cm mS −1 · EC) of data from a nearby well (Fig. 1a) . In contrast to daily model output, the temporal resolution of the observations was approximately two weeks. In order to reduce the effect of the different resolutions in the calibration and validation, we smoothed the model output by applying a left-sided running two-week mean. 
Calibration
We conducted a simple sensitivity analysis for parameters with uncertain or unknown values. The parameters for which the model was most sensitive were chosen for model calibration: saturated hydraulic conductivity k s , dispersion length L dis , salinity in the confined aquifer, and vertical aquitard resistance. We estimated these parameters with the PEST software package (Doherty, 2010) , using the smoothed model output and the observations of groundwater level and salinity. Comparing calibration results between the different PTFs showed that the functions of Wösten et al. (1999) led to the best reproduction of the 5 medium-term dynamics of both groundwater level and salinity. Multiple calibrations yielded different parameter sets with best accordance of simulated and observed groundwater levels. From those we chose the parameter set for which salinity could also be represented best (Table 2) .
Scenarios
In order to study the influence of possible future climate changes, we compared the effects of six different weather scenarios 10 (Table 3) were based on RCP45 and RCP85 greenhouse gas concentration pathways, corresponding to a radiative forcing of +4.5 and
, respectively, in the year 2100 compared with pre-industrial values (Moss et al., 2008) . SRES emission scenarios were used in the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC), while the RCP scenarios were employed in AR5. ).
Significance was determined with the Mann-Kendall trend test (significance level 95 %). Piezometer observations of the deep pressure heads beneath Pewsum near the Freepsumer Meer (Fig. 1a ) between 1990
and 2014 showed no significant trend although a trend might be expected due to the observed sea level rise during the same time (Nerem et al., 2018) . In addition, including pressure heads simulated with a regional hydrological model would add considerable uncertainty to our scenarios and the results. We therefore selected a one-year window of recorded pressure heads as permanently repeated boundary condition in the calibration.
RESULTS
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Calibration
In the calibrated model results (Fig. 3) , both groundwater levels and salt concentrations lie within the observed ranges. The sub-seasonal dynamics are mostly well represented, especially during the winter months. In cases of rain scarcity, the model strongly overestimates salinities and underestimates groundwater levels.
Scenario runs
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In all scenario runs, annual means of solute concentration (cf. Fig. 4, left) show constant or increasing salinities below a depth of −31.5 cm: Annual mean salinity significantly increased at −65 cm in scenarios I, III, IV, and VI (Table 4) . At −31.5 cm, only scenarios III and IV lead to significant increases. In contrast, annual mean salinity in topsoil layers, i. e. above −30 cm, tends to decrease. This trend is significant at −22 cm in scenario VI only, while at −10 cm scenarios I, IV, and VI show significant annual-mean decreases. Seasonal means of salinity show a similar behavior as the annual means with mostly stronger 15 declines in summer and stronger increases in winter. Stronger summer declines are even evident in scenario IV, which involves increasing winter and decreasing summer rainfall. These seasonal features in salinity do not show at −65 cm, where differences between seasonal-mean trends are dissimilar. In scenario V, only positive winter trends in depths between −41.5 and −48 cm with comparably low rates are significant. Annual-mean surface salinity decreased in scenarios I, IV, and VI.
Mean salinity at −65 cm for the 2000-2099 period is lower in the SRES scenarios I and II than in the RCP scenarios.
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Conversely at −10 cm, it is higher in I and II than in the other scenarios (Table 6 ). The difference between the SRES/RCP scenarios is also evident in the water balance (Fig. 4, right) , where I and II have higher groundwater levels and lower vertical fluxes (ET and bottom flux) than the RCP scenarios.
We quantified the intensity of salt stress on plants as exceedance frequency, i. e. the number of days per year on which daily mean salinity exceeds a certain value (Table 5) at −48 and −65 cm, respectively, in most scenarios.
Predictive analyses of the scenario runs using PEST (Doherty, 2010) gave an annual mean prediction uncertainty of ±0.05 mg cm Comparing the mean seasonal rainfall in the calibration period and the scenarios (Fig. 2) shows that all scenarios assume wetter summers than the calibration run, and winter rainfall does not decrease in any scenario. Therefore, the overestimation of salinity during dry periods in the calibration (Fig. 3) only results in a small error in the scenario runs.
The results of all scenario runs indicate that rising salinity should not be expected in topsoil layers. Moreover, scenarios with increasing winter rainfall (I, IV, VI) lead to decreasing topsoil salinity. Although these scenarios include the strongest seasonal 5 temperature increases affecting evapotranspiration, the trend in winter rainfall seems to be a more important, if not the most important factor for the topsoil salt balance. This hypothesis is supported by the fact that salinity declines regardless of the summer rainfall trend (declining in IV, increasing in VI) and the mean summer rainfall (lower than winter in IV, higher in VI).
Of the SRES scenarios (I, II), which both involve an intermediate temperature rise within the range of the RCP scenarios, only scenario I leads to significant trends in annual mean salinity which are similar yet lower than trends in the other scenarios.
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Despite involving stronger seasonal temperature increases than scenario III, salinity trends in scenario I are weaker. It is very likely that, through evapotranspiration, the higher mean summer temperature in III amplifies the positive salinity trend in subsoil. Another reason could be that scenario I includes a significant positive trend in winter rainfall, where scenario III does not. Thus, subsoil salinity might be affected by winter rainfall, as was already hypothesized for topsoil salinity. Nevertheless, scenario I stands out through the high frequency of exceedance of 2 mg cm
at −48 cm (Table 5 ) despite the similar trend in 15 salinity and a similar mean salinity (> 2 mg cm −3
, Table 6 ) as other scenarios. This suggests a lower sub-annual variability in salt concentration which is therefore another important factor determining salt stress.
Scenarios III and IV strongly differ in the radiative forcing and accordingly cause different salinity trends in the lower soil layers, as well as scenarios V and VI. The main difference between the ECHAM6 and the IPSL-CM5 simulations lies in the opposed summer rainfall trends of scenarios IV (negative) and VI (positive). Subsoil salinity trends agree with these differences 20 in rainfall trends (cf. IV and VI in Table 4 ). General differences in the water balance and the vertical salinity gradient between the SRES and RCP scenarios can be attributed to differences in the summer means: Smaller rainfall amounts in the SRES scenarios involve less dilution of upper soil water and thus higher topsoil salinity. Temperature differences might contribute to subsoil salinity, as higher evapotranspiration rates in the RCP scenarios imply a higher bottom flux (Fig. 4 , bottom right) and stronger subsoil salinization.
25
Plots of water balance (Fig. 4, right) indicate that of the boundary fluxes (ET , bottom flux, drainage flux) bottom flux is the most important on the salt balance, since ET is small and drainage flux is governed mainly by bottom flux, rainfall, and groundwater management.
Salinization may impact future land use through changes in plant species communities. In scenario IV, the days per year with > 4 mg cm we do not expect immediate impacts of the salinity changes on the current vegetation, which consists mainly of salt-intolerant grassland species (Table 7) .
While we do not expect these effects based on our simulations, future changes of water management would lead to changes of not only groundwater levels but also salinity. The COMTESS project investigates four alternative land management options which include a polder in the Freepsumer Meer where our study plots are located (Karrasch et al., 2017) . Should groundwater levels and salinity rise, the species composition on our plots will likely shift toward more salt-tolerant species in the regional 5 species pool. Halophytes overcome osmotic stress with the help of nitrogen-rich osmoprotectants (Steward et al., 1979; Rozema et al., 1985) which lead to their high forage value. Although salt marshes are considered as very productive and providing high-value fodder (Bakker et al., 1993) , their productivity and fodder quality depend on salinity level and species composition (Masters et al., 2010; Rogers et al., 2005) . In addition, the accumulation of salts might under certain conditions cause depressed feed intake and even compromise animal health (Masters et al., 2007) .
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Relating to animal health, salinization of ditch water may become a problem for pasture farming if thresholds for drinking water of livestock recommended by the German Federal Ministry for Food and Agriculture (3 mS cm according to our regression) are exceeded. In this case, farmers need to find logistic solutions for purchasing water, thus reducing the profit from pasture farming. However, our model results of the lateral drainage salinity do not indicate a distinct trend for the 2000-2099 period (not shown). We therefore assume that this case is not likely.
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As climate change and sea level rise interact with intensive land use in European coastal landscapes, further research into the influence of increasing salinity in the subsoil on future sustainable land management is necessary.
Conclusions
Our results suggest that a long-term climate change toward higher temperatures implies slowly rising salt concentrations and thereby rising exceedance frequencies of critical thresholds in the subsoil of the Freepsumer Meer. These trends were 20 mostly significant in projections driven by 4 out of 6 weather scenarios with different trends (winter positive, summer positive;
winter positive, summer negative; no trends) of seasonal rainfall. The salinity in the topsoil, however, is expected to decrease or stay constant. We detected the trend in winter rainfall as a main factor affecting the near-surface salt balance. Subsoil salinity trends could be attributed to both winter rainfall and mean summer temperature. Absolute salinity in both top-and subsoil showed a dependence on summer rainfall and temperature through dilution and evapotranspiration, as was shown for 25 substantial differences in climate variables between scenarios. Comparison between one SRES and different RCP scenarios showed that similar mean salinity and salinity trends can result in different magnitudes of salt stress for plants, for which we found positive subsoil trends in most scenarios.
At the soil surface, the projections show only minimal changes in the salt concentrations until 2100. Therefore, land management plans should consider how the strongest changes in salinity, which in our simulations occur between −50 and −60 cm 30 relative to the surface, might affect the vegetation and the use of water. Based on our simulations, we would expect changes in the plant community only if future management should allow groundwater levels to rise. In this case, possible repercussions Mualem-van Genuchten parameters (α, λ, n after Wösten et al., 1999) Depth of soil layer (cm) 
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